In the present work, sixty-seven crystal structures of the aptamer domains of RNA riboswitches, are chosen for analysis of the structure and strength of hydrogen bonding (pairing) interactions between nucleobases constituting the aptamer binding pockets and the bound ligands. A total of eighty unique base:ligand hydrogen-bonded pairs containing at least two hydrogen bonds were identified through visual inspection. Classification of these contacts in terms of the interacting edge of the aptamer nucleobase revealed that interactions involving the Watson-Crick edge are the most common, followed by the sugar edge of purines and the Hoogsteen edge of uracil.
INTRODUCTION
Riboswitches are important functional RNA molecules which are generally present in the 5'-untranslated mRNA regions. Riboswitches have the ability to monitor and effectively regulate the expression of fundamental genes associated with the biosynthesis and transport of small metabolites or ligands (1, 2) . Typically, riboswitches consist of two structural domains: the aptamer domain that recognizes and binds the ligand, and the expression platform that regulates the gene expression in response to ligand-binding (3). Due to their crucial role in regulation of a large number of metabolites, detailed mechanisms of functioning of riboswitches, including cognate ligand recognition and binding; and alteration of transcription and translation events, constitute a major area of research (4-10).
X-ray crystal structures of riboswitch aptamer domains, bound to different ligands, are available at the atomic resolution (1). These crystal structures reveal the significant roles of noncovalent interactions in the ligand-recognition process. For example, electrostatic interactions between the positively charged sulfonium group of S-adenosylmethionine (SAM) and two universally conserved base pairs within the aptamer domain of the SAM-I riboswitch help in discriminating SAM ligand from the structurally similar ligand (i.e. S-adenosylhomocysteine (11)). In addition to a number of other examples (12), recent crystal structures of the guanidinium riboswitches underscore the importance of electrostatic and base:ligand hydrogen bonding interactions in ligand discrimination and binding (13) . Further, ligand binding through hydrogen bonding between the ligand and the aptamer nucleobases of purine-sensing riboswitches is responsible for triggering corresponding gene expression (14, 15) . Furthermore, van der Waals stacking interactions between the bound ligand and the aptamer nucleobases also play an important role in organization of ligand binding pockets in a number of riboswitches (16) .
The diversity in noncovalent interactions harnessed during the ligand-binding process as exemplified by riboswitch crystal structures underscore the importance of characterization of the physicochemical forces that regulate riboswitch structure and dynamics. Specifcially, it is necessary to develop and validate hypotheses on how various RNA structural elements within different aptamers, and their respective structurally different cognate ligands, harness unique structural principles in different functional contexts. Since base:ligand hydrogen bonding is one of the most important noncovalent forces that help in ligand recognition by the aptamer domain of riboswitches, statistical analysis of this class of interactions in terms of the identity of the participating aptamer nucleobases and bound ligands constitute the first steps in this direction.
Further, quantitative analysis of the structure and strength of these interactions, and careful assessment of their role in the ligand recognition, may contribute to understanding of the overall ligand binding process by riboswitches. Structural bioinformatics analysis of crystal structures of RNA aptamer:ligand complexes, coupled with quantum mechanical (QM) calculations, constitute a comprehensive implementation strategy in this direction. QM calculations are especially useful, since they can provide an accurate description of individual energy components that influence the structural stability of noncovalently bonded chemical entities on one hand, and the intrinsic strengths of noncovalent interactions on the other. Of course, given the differential effects of solvation on different energy components, the results of QM calculations in vacuo are not directly comparable to the binding free energies in solution.
Nevertheless, such calculations can accurately quantify the intrinsic strength and stability of hydrogen bonding interactions between aptamer nucleobases and the bound ligands, which may, in turn, help in assessing the contribution of individual pairwise interactions towards the overall strength of binding between the ligand and riboswitches.
Although a substantial number of crystal structure analysis and QM studies have focussed on the analysis of hydrogen bonding interactions that constitute structural motifs present in RNA macromolecules (e.g. nucleobase pairs (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) , higher order hydrogen bonding contacts including base triplets and quartets (17, 28) and their post transcriptionally modified counterparts (27, 29) , and base-phosphate contacts (30)), very few QM studies have analysed the role of noncovalent interactions in context of specific riboswitches (31,32). Thus, existing literature does not provide a comprehensive understanding of the structural and energetic aspects of aptamer:ligand hydrogen-bonding interactions.
To address these aspects, we have carried out crystal structure database analysis of aptamer-ligand complexes, and have analysed the nature of base:ligand hydrogen-bonding interactions as a function of nucleobase and ligand types, the interacting nucleobase edges, and the nature of H-bonds present within the pair. In addition, with the help of QM calculations, we have obtained optimal geometries of base:ligand pairs and have calculated their accurate binding energies. Overall, our combined analysis of crystal structure dataset and QM geometries and energies provide unique insights into the molecular features of ligand recognition by riboswitches.
MATERIALS AND METHODS
A dataset of 67 crystal structures (Table 1) spanning the first four of the five recently classified riboswitch categories (33) (namely coenzymes and related compounds, nucleotides and their derivatives, amino acids and sugars, Supplementary Figures S1-S4), (containing base:ligand pairs with at least two hydrogen bonds, was selected from protein data bank (PDB), on the basis of visual analysis, for preliminary analysis. This dataset excludes crystal structures in which ions act as ligands, mainly because the associated aptamer:ligand noncovalent contacts are physiochemically different from the (hydrogen bonding) interactions considered in the present work. The dataset was also curated to include only structures having at least 3.2 Å resolution, and by retaining only wild type aptamer crystal structures. The final comprehensive dataset contained structures of 38 aptamers bound to natural (biological) ligands and 29 aptamers bound to ligand derivatives.
A total of 80 base:ligand pairs connected through two hydrogen bonds were extracted from these crystal structures, statistically analysed and used as initial models for QM analysis.
For QM geometry optimizations, the missing hydrogen atoms were added to the heavy-atom coordinates of the ligands, extracted from the respective crystal structures, to complete the necessary covalency requirements in the initial models. Subsequently, the interacting aptamer nucleotides were truncated at their glycosidic bonds, and the C1' atoms were replaced with hydrogen atoms, wherever the ribose sugars of these nucleotides do not interact with bound ligands (20) . In cases where the ribose sugar bound to the aptamer nucleobase interacts with ligands, the respective sugars were retained after replacing the 5′-phosphate group with a hydroxyl group, in order to retain a tractable, but relevant model size. Further, in case of ligands with amino acid functionality, the -NH 2 and CO 2 H were taken as neutral and for ligands with phosphate group interactions (D2X, PYI and G6P), the phosphate group was considered as a charged moiety. Geometry optimization of the base:ligand pairs was carried out at the B3LYP/6-31G(d,p) level using Gaussian 09 (34), which was selected in synchrony with previous studies on RNA base pairs (18, 19, (21) (22) (23) (24) .
To understand the difference in base:ligand geometry, in its crystal occurrence and in the corresponding fully optimized form, the root mean square deviations (rmsd) was calculated using VMD v1.9 software (35). Further, the strength of each base:ligand pair was measured in terms of interaction energy, which is a measure of the stabilization acquired by the interacting system through hydrogen bonding. Basis set superposition error (BSSE) corrected interaction energies were calculated using the counterpoise method (36) at the RIMP2/aug-cc-pVDZ or MP2/aug-cc-pVDZ level (37,38) using Turbomole v6.2 (39) or Gaussian 09 (34), which was selected in analogy with previous studies on RNA base pairs (20, (22) (23) (24) 27, 40, 41) . Although geometries of 67 out of total 80 base:ligand pairs could be fully optimized, remaining 13 pairs either showed highly deviated optimized structures compared to the initial structures or could not be optimized (Table 2) . In these cases, as in previous studies on RNA base pairs (19), constrained optimizations, restricted to optimization of the positions of the added hydrogen atoms, were performed by freezing all the heavy atom coordinates. Interaction energies were calculated on these constrained-optimized systems at the RIMP2/aug-cc-pVDZ or MP2/aug-cc-pVDZ level.
RESULTS

Statistical overview of base:ligand interactions from crystal structural occurrences.
In the dataset of chosen crystal structures ( Table 1) the size of the bound ligands varies considerably, ranging from small chemical entities (e.g. glycine and lysine) to complex chemical structures (e.g. folate-related ligands, S-adenosyl methionine and thiamine pyrophosphate derivatives, Supplementary Figures S1-S4 ). The total 80 unique base:ligand interactions, thus identified, can be further classified based on the interacting edge (i.e. Watson-Crick edge (W edge), Hoogsteen edge (H edge) or sugar edge (S edge) of the aptamer nucleobase (adenine (A), cytosine (C), guanine (G) or uracil (U)). It is observed that 78% of these interactions involve the nucleobase W edge (7% A, 9% G, 36% U and 26% C), followed by the S edge of purines (21% total (i.e. 5% A and 16% G)) and the H edge of U (1%, Figure 1C and Table 2 ). Thus, pyrimidines in the binding pocket of aptamers interact with the ligands, almost exclusively, through their W edge. On the other hand, the purines mainly use the W edge or S edge, where the highest binding occurrence is shown by U (37%), followed by C (26%) . A close third is G (25%) using its S edge (16%) and W edge (9%) in the ratio of around 5:3, whereas the least frequent is A (12%) using its S edge (5%) and W edge (7%) in an approximately 1:1 ratio. In contrast to multiple examples of W-edge and S-edge interactions, we could find only a single occurrence of H-edge interaction, where U interacts with PQ0 in the aptamer domain of the preQ 1 riboswitch (PDB code: 3gca). In contrast, B:A interactions ( Figure 2B ) span 9 instances of base:amino acid contacts, and can be further classified into two interaction types: 2 interactions involving a free amino acid and 7 contacts where the interacting amino acid moiety is a part of the more complex chemical structure of the ligand ( Supplementary Figures S1 and S4 ). Both the interaction types involve the 
Classification of base:ligand interactions
QM calculations.
QM geometry optimization of base:ligand pairs, isolated from their respective crystal environments, is expected to reveal their intrinsic structural features. This may in turn, provide insights into the contribution of base:ligand pairing to the overall stabilization of ligand within the aptamer binding pocket. Accordingly, geometry optimizations, followed by interaction energy calculations were attempted on all base:ligand pairs ( Supplementary Table S1 ). Although Supplementary table S1 ).
With the exception of three pairs (G:TPS, G:EEM and A:SFG), the structural deviation on optimization of all the S-edge B:B interactions (rmsd of 1.0 Å -2.2 Å) is high ( Supplementary Table S1 ). This occurs partly due to the inherent torsional flexibility associated with ribose, which falls to the nearest local minima on optimization. Further, except for three interactions mediated by at least three H-bonds (G:2QB, G:EEM and 2G:SAM), all other S-edge pairs possess only two hydrogen bonds on optimization ( Supplementary Figures S6-S8 and Supplementary Tables S8-S9 ). Albeit smaller than for W-edge pairs, the strengths of S-edge B:B base pairs is evidenced by the calculated interaction energies (-11 to -18 kcal/mol, Supplementary Table S1 ). However, relatively small magnitude of interaction strength (-8 to -18 kcal/mol) suggest the inherent weakness of this hydrogen-bonding pattern compared to the other two patterns ( Supplementary Table S1 ). Regardless, the B:A pairs span a relatively smaller range of rmsd (0.9 Å -1.5 Å) compared to B:B pairs (0.1 Å -2.2 Å, Supplementary Table S1 ). The aptamer domain of THF riboswitch can simultaneously bind two ligands through two different binding pockets -the pseudoknot (PK) site and the three-way junction (3WJ) site (PDB code: 4lvx). The aptamer bases U7 and U42 of the PK-site interact with the ligand through at least two hydrogen bonds. Similar interactions were observed between ligand present in 3WJ-site and aptamer bases U25 and C53. However, our calculations reveal that the sum of binding energies of nucleobase:ligand pairs at the PK site (-37 kcal/mol) is greater than the 3WJ site (-31 kcal/mol). Thus, the inability of ligand at 3WJ site to reach the interaction energy threshhold required for triggering gene expression explains the experimentally observed generalization that only the PK site ligand triggers the gene expression in THF riboswitches (45).
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B:Ph
DISCUSSION AND CONCLUSIONS
In the present work, we combined the techniques of structural bioinformatics and quantum chemical calculations to analyse the nature of hydrogen bonded contacts between ligands and RNA in aptamer:ligand complexes. Altogether, 80 nonredundant base:ligand pairs were identified that contain at least two hydrogen bonds. The bound ligands differ in size and complexity, where the specific functional groups act as key instruments of molecular recognition. In synchrony with a previous study (1), we found that coenzymes constitute the highest proportion of the bound ligands, which is followed by nucleobases. Further, the aptamer nucleobases most commonly interact with the ligand through the W edge, and the uracil is the most commonly interacting aptamer nucleobase.
On Chemical structures of all the ligands are provided in Supporting Information (Figures S1 -S4 ). 
